Independent preparation of (MA)[PbX 3 ] films (X = Cl and Br)
To compare against the quality of films formed from (MA) [PbI 3 ] and Br 2 or Cl 2 gas, (MA) [PbBr 3 ] and (MA) [PbCl 3 ] films were independently prepared using a method similar to that used for (MA) [PbI 3 ] films. A 0.5-M PbBr 2 (183 mg, 0.500 mmol) or PbCl 2 (139 mg, 0.500 mmol) DMF solution (1 mL) was spun onto clean FTO substrates. This film was converted into the perovskite through the dropwise addition of a 10 mg/mL (MA)Br solution or (MA)Cl solution in dry isopropanol (1 mL).
Solution-state synthesis of (BEA-Cl 2 ) 2 [PbBr 4 ]
A solution of (BEA)Cl (0.10 g, 0.93 mmol) in 10 mL of methanol was cooled to 0 ºC and bubbled with Cl 2 gas for 2 minutes. The solution was allowed to stir for 1 h in the dark after which all volatiles were removed under reduced pressure. The resulting colorless solid was dissolved in 3 mL of methanol and added dropwise to a stirred, cold (-10 ºC), 5-mL solution of PbBr 2 (0.17 g, 0.46 mmol) in 9-M HBr. After 10 minutes, the resulting colorless precipitate was filtered while cold through a glass frit and washed with cold (-10 ºC) diethyl ether (2 × 5 mL). The colorless crystalline solid was held at reduced pressure for 1 h to afford 0.303 g (81.0% yield) of product. Crystals suitable for single-crystal x-ray diffraction were obtained by slow evaporation of a concentrated solution of (BEA-Cl 2 ) 2 Figure S1 . Crystals suitable for single-crystal diffraction studies were obtained by slow evaporation of a filtered, concentrated solution of (BEA-Br 2 ) 2 [PbBr 4 ] in a 1:1 methanol:HBr (9 M) mixture.
Characterization of the solid-state reaction product of (PEA) 2 . The PXRD pattern is shown in Figure S6 . Crystalline (PEA-Br 2 ) 2 . The PXRD pattern is shown in Figure S10 . Crystals suitable for single-crystal diffraction studies were obtained by slow evaporation of a filtered, concentrated solution of (BEA-Br 2 ) 2 [PbCl 4 ] in 12-M HCl.
General procedure for I 2 Br 2 gas separation Solid samples of (BEA) 2 [PbBr 4 ] (2-3 mg) and solid I 2 (0.5 g) were introduced into a gas-tight chamber of known volume. The chamber was allowed to equilibrate for 15-30 minutes, and then a known volume of Br 2 -saturated air was quickly injected into the chamber ensuring that the molar quantity of (BEA) 2 [PbBr 4 ] were at least two times that of the injected Br 2 . After 12 h the solid was removed from the chamber and held at reduced pressure for 0.5 h to remove surface-adsorbed Br 2 or I 2 . The solid was then dissolved in Table S1 . 
Powder x-ray diffraction (Powder XRD)
Experiments were conducted on a Panalytical X'Pert Pro diffractometer with a Bragg-Brentano geometry and PIXCEL 1D detector equipped with a nickel filter. Experimental conditions are given in Table S2 . The simulated powder patterns were calculated using the crystallographic information files (CIFs) from single-crystal x-ray experiments. Other physical measurements Infrared spectra were collected on a Thermo Nicolet 6700 spectrometer with a Smart Orbit attenuated total reflectance accessory. NMR spectra were recorded on a Varian Inova-500 instrument and peaks were referenced to residual solvent peaks. Carbon, hydrogen, and nitrogen analyses were obtained from MHW Laboratories (Phoenix, AZ). Mass spectrometry in methanol was performed in a Waters 2795 HPLC system ZQ single quadrupole MS with an electrospray ionization source using direct injection. SEM images were collected on an FEI XL30 Sirion SEM with an FEG source. Images were collected with a voltage of 5 kV and a beam current of 71 pA.
Crystal structure determination
Crystals were coated with Paratone-N oil, attached to a Kapton loop, and transferred to a Bruker D8 Venture diffractometer equipped with a Photon 100 CMOS detector or to the Bruker D8 diffractomer at the Advanced Light Source beamline 11.3.1 at the Lawrence Berkeley National Laboratory. Frames were collected using ω and ψ scans and the unit-cell parameters were refined against all data. The crystals did not show significant decay during data collection. Data were integrated and corrected for Lorentz and polarization effects using SAINT 8.27b, and were corrected for absorption effects using SADABS V2012.
2 Space-group assignments were based upon systematic absences, E-statistics, agreement factors for equivalent reflections, and successful refinement of the structure. The structures were solved by direct methods and expanded through successive difference Fourier maps using SHELXS-97. They were refined against all data using the SHELXTL-2013 software package. 3, 4 Hydrogen atoms were inserted at idealized positions and refined using a riding model with an isotropic thermal parameter 1.2 times that of the attached carbon atom or 1.5 times that of the attached nitrogen. Thermal parameters for all non-hydrogen atoms were refined anisotropically. The disorder in (BEA-Br 2 ) 2 [PbCl 4 ] was modeled using similarity restraints on 1,2-and 1,3-distances as well as rigid-bond restraints for anisotropic displacement parameters. The occupancies of disordered groups were allowed to refine freely, while constraining the sum of the occupancies to unity. Similar rigid-bond restraints were also applied to atoms not involved in the disorder to stabilize the refinement. Details regarding the data quality and a summary of the residual values of the refinements are listed in Tables S3 and S4 .
Structural models of (PEA) 2 4 ] were heavily twinned and despite several efforts we were unable to obtain a high-quality structure. The data quality, however, is enough to corroborate the overall layered perovskite structure for both materials and show that the PEA molecules are oxidized to form the brominated product: PEA-Br 2 . Index ranges
Reflections collected/unique 25379 / 2736
Completeness to theta max, % 100 
